ABSTRACT
filter to the unsaturated carbonate sand columns increased TN removal from ~8 % to ~42 %.
35
The TN removal rate in the wastewater-saturated treatments (662.1 ± 49.4 mg m -3 day -1 ) was 36 approximately six times higher than the unsaturated treatments (110.2 ± 27.2 mg m -3 day -1 ).
37
TN removal in the fully saturated columns increased from 63 % to 95 % after the addition of 
160
Column residence time was determined by via a pulsed addition of the conservative 161 tracer sodium bromide (NaBr) with column outlets sampled daily for a three week period.
162
To determine the effect of the addition of carbon to the saturated columns, a 40 g L samples were immediately filtered using 45µm syringe filters. Samples were kept on ice in 177 the dark until they could be frozen (within 1 hour) for later nutrient analysis. Samples for total 178 dissolved nutrient analysis were digested with di-potassium peroxodisulphate and autoclaved.
179
Particulate nitrogen concentrations were determined by filtering a known volume of 180 wastewater through pre-weighed glass fibre filters (Whatman GF/F). Filters were then dried 181 and reweighed for further analysis. Dinitrogen gas (N2) samples were collected unfiltered in 182 10 ml gas tight vials amended with 25 μL of a saturated HgCL2 solution. Samples for isotopic
183
N2 analysis were collected in 10 ml gas tight vials (Exetainer, Labco).
184
Samples for dissolved organic carbon (DOC) analysis were immediately filtered 
192
Grain size analysis for the carbonate sand was determined by using the dry and wet
193
sieving method of Lewis and McConchie (1994) , and for the basalt soil by using the finer with ~49 % of grains less than 50 μm (Table 2) . Trace metal concentrations were higher 197 in the basalt soils, with only mercury being slightly higher in the carbonate sands (Table 2) .
198
Both the carbonate sands and the basalt sediments contained < 0.5 % nitrogen, and they
199
contained approximately 12 % and 3 % carbon respectively. (Flash EA). DOC was analysed with a total organic carbon analyser (Shimadzu TOC-VCPH).
210
The determination of N2 concentrations was determined by membrane inlet mass 211 spectrometer (Balzers QMS 422). 
265
(n=19) and the average particulate P concentration was 3.6 ± 0.6 mg L -1 . 
Physico-chemical characteristics

267
Wastewater residence times ranged from ~7 days in the non-saturated sand treatments 268 to ~15 days in the fully saturated treatment (Table 3) . There was little difference in the 269 temperature between the treatments (Table 3) , however, the biochar filter treatment 
299
The double load treatment had the least TP removal (~37 %) while the coconut husk, 300 basalt layer, basalt mix and fully saturated treatment had TP removal rates of > 90 % (Table   301 4). The non-saturated sand treatment removed an average of 72.1 ± 12.2 % of TP. There was 
Column nutrient removal over time
363
During the 18 month experimental period, there was significant temporal variability in 
Nutrient removal in different treatments
397
There was significantly more TN removal in the saturated columns and biochar filters (Table 2 ) may have limited the amount of denitrification that could occur.
405
The addition of a coconut husk layer also failed to have an effect on N and P removal relative 406 to the carbonate sand treatment. The addition of coconut husk to sand filtration systems has 407 previously been shown to be effective at aiding nitrification of wastewaters (Tait et al. 2013 ).
408
A potential cause of the failure of the husk to better remove N from the wastewaters was the 409 low ratio of husk surface area to column inside perimeter. As the biomat humus layer built up 410 on the husk, this may have caused wastewater to form preferential flow paths towards the 411 sides of the columns effectively bypassing the husk layer altogether.
412
The basalt-amended and coconut husk treatments were however more successful at the half saturated (24.8 ± 2.3 mg L -1 ) and the fully saturated treatments (22.9 ± 2.6 mg L -1 ).
433
When compared to other filtration systems, the removal efficiencies in the unsaturated 434 treatments were less than that measured in previous study using lateral flow sand filters 
Biochar filters
454
The addition of the biochar filters increased TN removal rates by over four times in scale variability in carbon availability can affect denitrification rates (Parkin 1987 
Implications and conclusion
561
This study highlights that unsaturated carbonate sands alone are not an effective 562 means of reducing wastewater derived nutrients intrusion to groundwater. As most South
563
Pacific countries rely on traditional soak pits which percolate wastewater down through the 564 unsaturated carbonate sand soil profile, this may have consequences for groundwater health.
565
This would also limit the effectiveness of using land application as a means of treating gasses which needs to be accounted for in the overall efficiency of a treatment system. 
